; 3U.S. Environmental Protection Agency, Gulf Breeze, Florida Vitellogenin (VTG), the serum phospholipoglycoprotein precursor to egg yolk, is potentially an ideal biomarker for environmental estrogens. This study was undertaken to develop antibodies against conserved regions on the VTG molecule that could form the basis for establishing bioassays to detect estrogen exposure in any oviparous vertebrate. We developed monoclonal antibodies (mAbs) generated against purified rainbow trout (Oncorhynchus mykiss) VTG and selected for the property of specifically recognizing VTG purified from two phylogenetically distant vertebrates, trout and striped bass (Morone saxatilis). Results of enzyme-linked immunosorbent assay and Western blotting indicated that these mAbs specifically recognize purified VTG and VTG or other estrogen-inducible proteins in plasma or serum from representative species of four vertebrate classes (fish, amphibians, reptiles, and birds). All of the mAbs generated were IgM class. A polyclonal antiserum was raised against a synthetic consensus peptide representing the conserved N-terminal amino acid sequence of VTG. The results of Western blotting indicate that this antiserum specifically recognizes VTG in plasma or serum from teleost fish of diverse families. It was used to detect VrG in Western blots of serum from brown bullhead (Ameiurus nebulosus) with cancer (hepatocellular and cholangio-carcinoma) collected from a contaminated industrial site outside of their normal vitellogenic season. Our results indicate that it is feasible to generate antibodies capable of recognizing VTG without regard to species and that development of a universal VTG assay is an achievable goal. -Environ Health Perspect 1 03(Suppl 7): 9-15 (1995) 
Introduction
Environmental estrogens, chemicals with bioactivity similar to endogenous estrogen, are known to affect development and sexual maturation of vertebrates and are implicated as cancer promoters (1) . They indude breakdown products of detergents, pesticides, plasticizers, and a variety of chlorinated compounds. Ideally, such chemicals would be evaluated for estrogenicity before their use or release into the environment. However, their notoriously weak structure-activity relationship requires that the identity and potency of environmental estrogens be defined by bioactivity. The current lack of effective bioassays is considered to be a proximal cause of the lack of regulatory action regarding these compounds (2) . An effective bioassay needs to be developed to assess the estrogenicity of synthetic compounds or their derivatives and their potential effects on the reproductive biology ofvertebrates.
Vitellogenin (VTG) is potentially an ideal biomarker for the estrogenicity of chemicals. It is a large serum phospholipoglycoprotein that serves as the major precursor to the egg-yolk proteins of oviparous vertebrates (3) . VTG is synthesized and secreted by the liver in response to circulating estrogens in maturing females (4, 5) and is normally undetectable in the plasma of immature animals and males. The presence of this estrogeninducible protein in the serum of an animal can be taken as evidence of exposure to endogenous or exogenous estrogens or estrogen mimics. This potential of VTG as a biomarker has already been explored using several fish species, for which both in vivo and in vitro assays have been developed (6) (7) (8) (9) (10) . However, immunological and structural properties of VTG can vary greatly even among closely related species (11) (12) (13) (14) , which limits broad scale application of these assays across vertebrate taxa.
B-100 and von Willebrand factor (15) (16) (17) (18) . Coupled with prior evidence for conservation of some functional and immunological properties of the molecule (19) (20) (21) (22) , these findings suggest that VTG may possess conserved epitopes that could be exploited to develop antibodies and immunoassays of a more universal nature.
This study was undertaken to develop antibodies against conserved regions on the VTG molecule that could form the basis for establishing bioassays to detect estrogen exposure in any oviparous vertebrate. We attempted to develop both monoclonal antibodies generated against purified VTG and polyclonal antisera raised against the conserved N-terminal amino acid sequence of VTG (23) . Using these two approaches we demonstrated that it is feasible to generate antibodies capable of recognizing VTG without regard to species of origin and that development of a universal VTG assay is an achievable goal.
Methods
Balb/C mice were immunized ip with either 100 pg of rainbow trout (Oncorynchus mykiss) VTG purified as described by Hara et al. (24) or 100 pg of striped bass (Morone saxatilis) VTG purified as described by Tao et al. (25) mixed 1:2 with Freund's complete adjuvant. Mice were boosted twice at 2-to 3-week intervals with 50 pg of antigen mixed 1:2 with Freund's incomplete adjuvant. Four days before fusion, they were again boosted with 100 pg of antigen in incomplete adjuvant. Monoclonal antibodies (mAbs) were then generated using standard methods (26) . This entire procedure was replicated 3 times. In an attempt to induce antibody class shift and increase the affinity of the antibodies, the final set of immunizations was modified by increasing the time between boosts to a minimum of 3 weeks and incorporating a third boost prior to fusion.
Hybridoma colonies were screened for VTG cross-reactivity using an antibody capture enzyme-linked immunosorbent assay (ELISA) (27) (28) , which provides an antigenicity index at each position of the peptide. Using this information we designed a consensus peptide fifteen amino acids long.
The consensus peptide was assembled on a Model 431A automated peptide synthesizer (Applied Biosystems, Foster City, CA) from the C-terminus towards the Nterminus with the a-carboxyl group of the amino acid attached to the solid support, using Rink resin and 9-fluorenylmethoxycarbonyl (FMOC) protected amino acids. An additional Cys residue was added at the N-terminus for coupling the peptide to activated carrier proteins (29 
Results

Monodonal Antibodies
Three sets of fusions resulted in the generation of seven mAb cultures. The first set of fusions gave rise to two hybridoma lines from which one monoclonal culture was developed. The mAb produced by this culture, designated Rl, was isotyped as an IgM class antibody with kappa light chains. RI demonstrated strong cross reactivity to VTG from striped bass and rainbow trout in the ELISA and was used to develop the Western blot procedure. Initial ELISA screens that reacted RI with plasma from vitellogenic females or males of several vertebrate species from diverse taxa showed specific reactivity to vitellogenic plasma for all species tested. Rl was lost due to an equipment malfunction. The second set of fusions resulted in one mAb designated T2, but T2 lost specific immunoactivity to vitellogenic plasma samples or VTGs shortly after its development, and it was never isotyped or used for screening. The third set of fusions resulted in one positive hybridoma colony from which five monoclonal cultures were derived. The mAbs produced by these cultures were designated 2C1 1, 2D8, 3E8, 5G7, and 8G7. All five were isotyped as IgMs. Because 2D8 gave the most consistent results in initial screens, it was chosen for use in subsequent analyses. All of the hybridoma cultures that were cloned were derived from mice immunized with trout VTG. None of the hybridoma colonies derived from mice immunized with bass VTG gave significant levels of cross-reactivity to both trout and bass VTG, the criterion used to select colonies for doning.
The Rl mAb showed an excellent dose-response profile of binding to VTG purified from trout and bass and showed very low levels of reactivity to male plasma from both species (Figure 1 ). When the ELISA was used to screen plasma from naturally vitellogenic female or male white perch, white croaker, brown trout, pollock, snake, tuatara, and chicken, the reactivity of RI to female plasma was a minimum of 2 to 3 times higher than to male plasma (Table 1 ). 2D8 immunoactivity in the ELISA to plasma from vitellogenic and nonvitellogenic striped bass was similar to that of Rl but exhibited substantially higher background levels (Figure 2) . Similar results were obtained for trout plasma and a variety of purified control proteins including OVA, bovine serum albumin, and KLH, which gave the same profile as male trout or bass plasma over the same range of total protein concentration (data not shown). The higher background for 2D8 was not accompanied by any detectable nonspecific binding to plasma proteins from nonvitellogenic bass or trout in Western blots. The 2D8 mAb was also screened by ELISA against plasma from vitellogenic and nonvitellogenic black rat snakes with similar results (Figure 3 with E2 revealed distinct high molecular weight bands (MA 170,000-200,000) not present in plasma from male trout or bass ( Figure 4A ). We identified these bands as the primary VTG subunit and its degradation products (24, 25, 34) . Western blots of the SDS-PAGE gels done using the 2D8 mAb revealed immunoreactivity to the purified VTGs and the high molecular weight bands for VTG in plasma, but no binding to plasma proteins from male trout or bass was detected ( Figure 4B ). This pattern in SDS-PAGE and Western blots is identical to that obtained using homologous antisera raised in rabbits against purified trout or bass VTG [(24,25,34) ; A Hara and CV Sullivan, unpublished data] with the exception that the homologous antisera reacted only very weakly with the heterologous VTG, producing a barely visible band in Western blots (35) . SDS-PAGE and Western blots using the 2D8 mAb and plasma from E2-treated and control bullfrogs, black rat snakes, and chickens also showed immunoreactivity to high molecular weight, E2-inducible proteins, presumably VTG, but not to plasma proteins in control samples (data not shown).
Negative controls for the Western blots a involved using fresh culture media in place of TCSN from the monoclonal cell cultures producing the 2D8 mAb or substitut-20 ing TCSN from a monoclonal culture producing an IgM class mAb directed against a recombinant hepatitis B core antigen. These substitutions eliminated immunoreactivity on the Western blots. 9 
Polyonal Antisera
The results of microsequencing of the fish 69.l. VTGs verified the strong degree of conservation at the N-terminal region of the protein ( Table 2 y received effluent rich in polynunatic hydrocarbons (PAHs) from iated coking facility. VTG is in serum samples from the aring adult males and females ;-PAGE, but not in serum from ales collected from a pristine conat the same time and outside of al vitellogenic season for this igure 6). Corresponding Western e using the anti-VTG peptide revealed strong immunoreactiv-VTG band (Mr-170,000) in or plasma from a tumor-bearing d also to a lower Mr band that is ly a breakdown product of VTG ). This immunostaining was not n the lane for plasma from a ale. e currently examining the extent activity of the anti-VTG peptide and yellow perch (Mr ' 120,000 and 104,000). The fish VTGs tested so far all share a high degree of similarity at their Ntermini (Table 2) ; however, a preliminary test with rainbow trout serum gave negative results. Further work is in progress with this species and others that fill the phylogenetic gap between rainbow trout and striped bass.
Discussion
There is a demonstrable need for a biochemical marker that can be used to identify estrogenic compounds before their release into the environment (36 (Figures 1-3 ), but they do not provide conclusive evidence that the mAbs specifically react to VTG in the plasma. However, the results of Western blotting clearly demonstrate that the 2D8 mAb binds preferentially to VTG in plasma of rainbow trout and striped bass (Figure 4 ) as well as to high MW E2-induced proteins, presumably VTG, in plasma of bullfrogs, black rat snakes, and chickens (35) . Combined with the ELISA results, these observations indicate that the 2D8 mAb specifically reacts to purified VTG and possibly other estrogen-inducible proteins in representatives of at least four vertebrate classes. Because the monoclonal cell line producing 2D8 was initially selected on the basis of its ability to recognize VTG from both trout and bass, species from lineages that have evolved independently for approximately 200 million years, we consider it likely that 2D8 is targeted at a conserved epitope on the VTG molecule. Whether this epitope is completely unique to VTG remains to be rigorously verified.
All of the mAbs that we developed were found to be IgM class antibodies. Such antibodies, while having strong epitope specificity, have a tendency toward high levels of nonspecific binding in immunoassays because of their large mass. This is likely to be a factor in the relatively high background seen in our ELISA ( Figure 2) . We plan to cleave the pentameric IgM into its monomeric Fab fragments in an attempt to reduce the high background. In our final series of immunizations, we modified our protocol to increase the probability of generating high affinity-high titer IgG mAbs but we were unable to accomplish this goal. The last five monoclonal cultures, derived from the final fusion, all produced IgM class mAbs.
IgM induction is part of the initial immune response following exposure to a novel antigen and, upon subsequent exposure to the same antigen, there is typically a class shift towards synthesis of IgGs (26) . We have developed the concept that our inability to induce antibody class shift and generate an IgG mAb may be a function of the degree or nature of antigenicity of conserved epitopes on the VTG molecule. Because there are extensive gene sequences that are well conserved between VTG and some mammalian serum proteins (16, 17) , some of which are also estrogen inducible (37) , it is possible that there is no antibody class shift due to lack of strong antigenicity of the conserved VTG epitopes. They may be too close to "self' to generate an IgG response. There are natural autoantibodies present in most healthy individuals; in mice, the vast majority of these are IgM class (38) .
It should also be noted that VTG is a large and complex phospholipoglycoprotein, one that in our hands has proved to be highly antigenic (24, 25) . There is no reason to presume that dominant epitopes on the protein are conserved. Polyclonal antisera raised in rabbits against trout or bass VTG show very high levels of immunoreactivity to their homologous Volume 103, Supplement 7, October 1995 VTG but are also weakly reactive to heterologous VTG from the other species (35) , lending credence to the concept that conserved epitopes contribute little to the overall immune response to VTG. During development of the mouse immune response, many VTG epitopes may be antigenic enough to induce IgG synthesis, whereas the conserved epitopes we select for may not exhibit this degree of antigenicity. We are currently exploring this possibility using denatured and delipidated or deglycosylated VTG as the antigen for generating universal mAbs. Alternatively, we will attempt to suppress the immune response of mice to species-specific immunodominant VTG epitopes by treatment with cyclophosphamide (39) .
It is interesting to note that although both trout and bass VTGs were used as antigens, we were only able to obtain mAbs with the desired specific cross-reactivity from mice immunized with trout VTG. The bass VTG was however able to generate an immune response in mice, which lead to production of numerous hybridoma colonies secreting antibodies specific to bass but not trout VTG. Salmonids are considered primitive to the temperate basses, and perhaps the conserved structural epitope that our mAbs were directed against is less variable or less protected in these fish. This may account for the better immune response that trout VTG elicited in mice as compared to striped bass VTG.
Our polyclonal antiserum directed against the short, synthetic, consensus Nterminal sequence of VTG (Table 2) appears to specifically recognize the high molecular weight, E2-inducible protein that we identified as VTG in plasma from female or E2-treated fish (Figures 5,6 ) and serum from fish with cancer (hepatocellular-and cholangio-carcinoma) collected from a contaminated site (Figure 7 ). The faint protein band (-36 kDa) visible in Western blots of striped bass plasma may be a VTG-related protein. Once we have purified, sequenced, and identified this protein, we will be able to more conclusively evaluate the reason(s) for its cross-reactivity to the anti-VTG peptide antiserum. Although the cross-reactivity may preclude utilization of this antiserum in ELISA screens for VTG in some species, the antiserum is clearly useful for Western blotting to detect VTG in diverse lineages of fishes.
In summary, we have demonstrated the feasibility of generating universal antibodies directed against the VTG moleculeantibodies that can be exploited to detect VTG as a general biomarker for exposure of oviparous animals to endogenous and environmental estrogens and estrogen mimics. Both mAbs directed against conserved epitopes on the protein and a polyclonal antiserum directed against its conserved N-terminal amino acid sequence were developed. Further research is needed to produce higher affinity mAbs and more specific antisera to more easily develop bioassays for VTG as a biochemical marker for estrogen exposure. Our results clearly indicate that this is an achievable goal.
